. The data used to develop this hypothesis came from the Peconic Bay system on Long Island where in 9 of 11 bloom years, high Aureococcus densities were associated with lower than average rainfall and higher than average DON concentrations. This hypothesis implies a strong heterotrophic nutritional mode for Aureococcus, which has been supported by a number of previous field and laboratory studies (Dzurica et al., 1989; Lomas et al., 1996; Berg et al., 1997) . This hypothesis, however, cannot account for the high degree of spatial and temporal variability in Aureococcus blooms in other Long Island Bays, such as West Neck and Shinnecock Bays (Gobler and Sañudo-Wilhelmy 2001, Lomas et al., unpublished data) .
The goal of this study was to monitor other organic nutrient pools in an attempt to improve our knowledge of other nutrient factors which may be important in explaining the inter-bay variability in Long Island brown tide blooms. In addition, physiological experiments were conducted in the laboratory and the field to further examine the use of organic nutrients by Aureococcus. Based on these findings, we hypothesize that an additional factor leading to blooms of Aureococccus is an extremely well-developed heterotrophic nutritional mode which is well suited to the organic matter-rich coastal bays in which this species blooms.
Samples were collected from several stations within Shinnecock Bay on Long Island and the Maryland Coastal bays which were part of larger State monitoring programmes. Each station was sampled weekly from June to August in 1999. Surface water samples were collected in an acid-washed bucket and kept dark during transport back to the laboratory facility (<2 h). At the time of collection, water temperature, salinity and Secchi depth were also measured.
Subsamples of known volume were filtered onto precombusted GF/F filters (450°C for 1 h) and frozen for later chlorophyll analysis. The filtrate was frozen in acidwashed high-density polyethylene bottles or baked scintillation vials for later nutrient analysis. Chlorophyll samples were analysed fluorometrically (Parsons et al., 1984) , corrected for phaeopigment fluorescence, and converted to concentrations as in Lomas and Glibert (Lomas and Glibert, 1999) . Inorganic nutrients (NO 3 -, NO 2 -, NH 4 + , o-PO 4 3-) were analysed using standard autoanalyser methods (Maryland samples) or manual chemical methods [ (Parsons et al., 1984) Long Island samples]. Samples for total dissolved nitrogen (TDN) were analysed on an Antek Instruments High Temperature Oxidation instrument and converted to concentrations using a urea standard curve (Bronk et al., 2000) . Concentrations of DON were calculated by subtracting all inorganic nitrogen concentrations from the TDN concentration. Both dissolved inorganic (DIC) and organic (DOC) carbon samples were analysed on a Shimadzu TOC 5000 High Temperature Oxidation instrument, and samples for total dissolved phosphorus (TDP) were oxidized using the persulphate oxidation method (Valderrama, 1981) and analysed on an autoanalyser. Dissolved organic phosphorus (DOP) concentrations were calculated as the difference between TDP and inorganic phosphorus.
Several additional experiments were conducted using natural populations and cultures of Aureococcus. During the summers of 1995 and 1997 samples were collected during brown tide and non-brown tide conditions in Shinnecock Bay, Long Island, and [ 15 N]urea (98% enriched, 5 µM final concentration) was added to natural phytoplankton assemblages and incubated across a range of incident irradiances determined by neutral density screening. Isotopic samples were processed as in Glibert et al. (Glibert et al., 1991) . Using exponentially growing cultures of Aureococcus (strain 1794 isolated from Barnegat Bay, NJ), the uptake of both carbon ( 13 C; 97% enriched; 5 µM final concentration) and nitrogen ( 15 N; 98% enriched; 5 µM final concentration) from urea was measured for cultures growing on L1 media with nitrate and urea as the growth nitrogen substrates.
During the 1999 sampling periods in both Long Island and Maryland, Aureococcus was present in a wide range of densities from undetectable to in excess of 300 000 cells ml -1 (Table I ). Other species of phytoplankton were not enumerated in these samples and therefore a direct measure of the importance of Aureococcus could not be determined, however, an indirect estimate based on chlorophyll per cell can be calculated. Over a wide range of growth conditions for cultured and natural populations of Aureococcus, chlorophyll per cell has been observed to vary by only two-fold from 0.03 to 0.06 pg per cell [ (Lomas et al., 1996; Milligan and Cosper, 1997) Alexander and Lomas unpublished results]. Relating the product of Aureococcus cell density and chlorophyll per cell to the total chlorophyll present in the water column for a particular sample, up to 50% of the total phytoplankton assemblage could be attributed to Aureococcus (Table I) . This calculation is consistent with the data of Lomas et al. (Lomas et al., 1996) where Aureococcus cell densities of 200 000 cells ml -1 were 35% of the total cell population by number.
Both the Long Island and Maryland coastal bays are organic matter-rich, with DON and DOP concentrations being up to 20-fold greater than the DIN and DIP concentrations and DOC concentrations often in excess of 300 µM (Table I ). In terms of absolute concentrations, there were no significant direct relationships between Aureococcus cell density and any of the inorganic or organic nutrients measured (data not shown). Moreover, when using a generally accepted Aureococcus threshold cell density of 10 5 cells ml -1 to separate stations as to a bloom or non-bloom event, mean concentrations of dissolved inorganic and organic nutrients were not found to be significantly different between those stations and times where Aureococcus was an important fraction (>30%) of the phytoplankton community and when it was not. However, ratios of organic nutrient concentrations were related to the presence of Aureococcus in excess of 100 000 cells ml -1 (Figure 1 ). High Aureococcus densities were found at stations and times with significantly (P <0.05) higher DOC : DON and lower DON : DOP ratios than stations with low Aureococcus densities. The consistency of this pattern between Long Island and Maryland data for the 1999 sampling suggested that it may be applicable to previous Aureococcus blooms on Long Island. An analysis of the historical water quality data for Shinnecock Bay concurs with the pattern observed for 1999; previous Aureococcus blooms were associated with elevated DOC and DOP concentrations relative to DON (Figure 1 ). Redfield ratios (as indicators of balanced growth) can be used to relate particulate phytoplankton biomass to the available nutrient pools to assess the nutritional state of the phytoplankton assemblage. Although the DOC : DON ratio associated with Aureococcus (11-17) is greater than the accepted Redfield C : N ratio of 6.6, these values are more similar to the C : N ratios of Aureococcus cells in culture (9-11; Alexander and Lomas unpublished data). Without implying cause and effect, one possible explanation for the relationship between the high DOC : DON ratios and Aureococcus is the fact that Aureococcus produces high levels of extracellular polysaccharides. The elevated DOC : DON ratio may also be related to extensive marshes bordering the shallow bays in which Aureococcus bloomed. [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] data from the same stations as monitored in 1999 were calculated and included. Historical data were separated based on the presence and absence of Aureococcus using the same cell density threshold as the data for 1999. The error bars represent the 95% confidence intervals.
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Interestingly, the DON concentrations were almost identical for adjacent pairs of samples with and without blooms of Aureococcus in both Long Island and Maryland, which is in contrast to previous observations (LaRoche et al., 1997) . Mean DON concentrations were relatively high, 24 µM in Long Island and 37 µM in Maryland, and therefore the densities of Aureococcus may not have been sufficiently high to reduce the DON pool through utilization. For example, assuming all Aureococcus cellular nitrogen came from the DON pool a maximum of 10 µM, but more commonly 2-3 µM DON would have been consumed. This small potential decrease in the DON pool might not be observed.
This coincidence of high densities of Aureococcus and organically rich (relative to nitrogen) carbon and phosphorus environments is consistent with some previously published laboratory and field data. Dzurica et al. (Dzurica et al., 1989) have observed that cultures of Aureococcus grew nearly 50% faster when supplied with organic phosphorus compounds than when supplied with inorganic phosphorus. While the bio-energetics have not been elucidated to explain the mechanisms leading to the enhanced growth on organic phosphorus, this observation is consistent with the known heterotrophic nature of Aureococcus (Berg et al., 1997) . The association of Aureococcus blooms with DOC-rich environments is consistent with recent work (Breuer et al., 1999) which showed an inverse correlation between cell density and DOC concentrations implying that Aureococcus was utilizing a large fraction of the DOC pool. Although the bulk DOC pool is generally thought to be refractory, recent work has shown that the collapse of phytoplankton populations (Bronk et al., 1998) and eelgrass (Pederson et al., 1999) can release significant amounts of bioavailable DOC. This use of DOC by Aureococcus is also consistent with the theoretical framework put forward by Berg et al. (Berg et al., 1997) . During periods of Aureococcus blooms, the euphotic zone can become extremely shallow relative to non-bloom years [cf. Cosper et al., 1987) ] and has been implicated in the devastation of eelgrass beds in Long Island. This decrease in available underwater light could potentially limit the autotrophic growth of Aureococcus. Consequently, mechanisms to utilize organic carbon for growth would provide a significant benefit to a population that may be light limited due to extremely high cell densities.
Aureococcus (Dzurica et al. 1989) , as well as many other phytoplankton species (Wheeler et al., 1977; Lewitus and Caron, 1991; Lewitus and Kana, 1994) are known to utilize organic carbon sources. A logical question stemming from the suggestion that Aureococcus blooms are favoured by DOC-rich environments is 'what makes Aureococcus different from other co-occurring species in its ability to use DOC?' There may be numerous possibilities, two of which are addressed here. Aureococcus may be more efficient at using organics (i.e. a better heterotroph) than co-occurring species, and/or Aureococcus may have one or more physiological mechanisms which allow for the use of a greater diversity of organic nutrients (i.e. not just DOC) and thereby provides a competitive edge. There are sufficient data to suggest that the latter may be a viable explanation [e.g. (Dzurica et al., 1989; Berg et al., 1997) ]. Here we present data to suggest that the former may be a viable alternative as well.
Urea is an increasingly important nutrient in many coastal systems due to its importance as an anthropogenic nutrient (e.g. fertilizers and de-icing agents), and is now being commonly measured in many coastal systems. Data collected in the bays of Long Island have shown clearly that urea is an extremely important nitrogen source in terms of both concentrations (Bruno et al., 1983; and utilization by phytoplankton Berg et al. 1997) . Additional data collected during and after Aureococcus blooms on Long Island show that populations of Aureococcus have higher specific uptake rates of urea nitrogen (Figure 2A ) than populations which are dominated by the more common summer assemblage of small diatoms and flagellates. In fact, there is a strong positive relationship between the maximum specific uptake rate and the fraction of the phytoplankton population composed of Aureococcus ( Fig. 2A) .
Urea is quite commonly considered as only a DON source and many studies only consider the uptake of the nitrogen from urea (Berg et al., 1997) . When urea is hydrolysed by marine phytoplankton through the activity of the enzyme urease, ultimately two amines and a carbon dioxide molecule are produced, therefore providing the potential for urea to be an important carbon and nitrogen source for plankton. Cultures of Aureococcus, grown on either nitrate or urea, incorporated both the carbon and nitrogen atoms from urea into particulate biomass ( Figure  2B ). More importantly, these optically dense cultures grown on either urea or nitrate utilized both carbon and nitrogen in a ratio of 5 to 6. These data suggest that in these optically thick, and therefore low light (due to self shading), conditions, as might be expected during a rigorous Aureococcus bloom, Aureococcus possesses the ability to acquire the carbon necessary for growth through mechanisms that are independent of light as an energy source. Some phytoplankton are known to take up small organic molecules intact (Wheeler et al., 1974) , but studies to date cannot eliminate the possibility that the amine groups and carbon dioxide are incorporated individually. In either case, these data [see also (Dzurica et al., 1989)] show that the utilization of organic carbon is important in the nutrition of Aureococcus. Clearly, the role of organic nutrients as a source of nutrients (not just of nitrogen) cannot be overlooked and additional bio-energetic studies need to be conducted to understand fully this role in phytoplankton ecophysiology.
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